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Abstract: Advances of nano technology have led to the development of nanomaterials with both potential diagnostic and therapeutic ap- 
plications. Among them, superparamagnetic iron oxide (SPIO) nanoparticles have received particular attention. Over the past decade, 
various SPIOs with unique physicochemical and biological properties have been designed by modifying the particle structure, size and 
coating. This article reviews the recent advances in preparing SPIOs with novel properties, the way these physicochemical properties of 
SPIOs influence their interaction with cells, and the development of SPIOs in liver and lymph nodes magnetic resonance imaging (MRI) 
contrast. Cellular uptake of SPIO can be exploited in a variety of potential clinical applications, including stem cell and inflammation cell 
tracking and infra-cellular drug delivery to cancerous cells which offers higher intra-cellular concentration. When SPIOs are used as car- 
rier vehicle, additional advantages can be achieved including magnetic targeting and hyperthermia options, as well as monitoring with 
MRI. Other potential applications of SPIO include magnetofection and gene delivery, targeted retention of labeled stem cells, sentinel 
lymph nodes mapping, and magnetic force targeting and cell orientation for tissue engineering. 

Keywords: Superparamagnetic, iron oxide nanoparticles, SPIO, cell labeling, surface coatings, MRI, targeted drug delivery, magnetic target- 
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1. INTRODUCTION 

Among all types of nanoparticles, biocompatible superpar- 
amagnetic iron oxide (SPIO) nanoparticles with proper surface 
architecture attracted extensive attention for both cellular imaging 
and drug delivery applications. Key features of SPIOs include their 
ability to exhibit magnetization only in an applied magnetic field; 
their ability to form stable colloidal suspensions which is crucial for 
biomedical applications, especially in vivo; they induce faster 
T2/T2* relaxation and such can be utilized as MRI contrast agent; 
and that they can be directed to a desired site in the body by a mag- 
netic force, making them useful for controlled targeting clinically. 
Desirable SPIO features also include the ability to control their size 
and size distribution, a uniform shape, strong magnetic susceptibil- 
ity and the desired surface chemistry. In the past few years, exten- 
sive work has been done on synthesis and surface modification of 
SPIOs to yield desirable properties for biomedical applications. 
Monodispersed iron oxide particles with uniform size and shape, 
and high magnetization properties are of particular interest. Tai- 
lored surface engineering of the particles can be done through creat- 
ing a polymeric or inorganic molecular shell surrounding the iron 
oxide cores, followed by the functionaliztion with specific bio- 
molecules on the outer shell layer [1]. 

The clinical applications of SPIO include MR contrast imaging 
for liver tumor and lymph nodes metastasis [2-4]. SPIOs have im- 
portant potentials for in vivo stem cell tracking [5-6], magnetic 
separation [7], hyperthermia therapy [8], and anticancer drug deliv- 
ery [9-11]. Therapeutic and diagnostic agents can be encapsulated, 
covalently attached, or adsorbed onto nanoparticles. In the 
mesoscopic size range of 5-100 nm diameter, nanoparticles possess 
large surface areas for conjugating to multiple diagnostic and thera- 
peutic agents. Multi-pore nanoshells are also used for encapsulating 
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drugs. For many of these applications, optimized cellular uptake of 
SPIO nanoparticles by target cells is a critical step. One strategy to 
modulate the cellular uptake efficiency or specificity of SPIO 
nanoparticles is to modify their surface coating [1, 9, 12]. Nanopar- 
ticles facilitated drug delivery offers higher intra-cellular concentra- 
tion. When SPIO nanoparticles are used as carrier vehicle, addi- 
tional advantages are achieved including magnetic targeting and 
hyperthermia options, as well as visualization with magnetic reso- 
nance imaging (MRI). 

This article covers the recent advances in preparing SPIOs with 
novel properties, how the physicochemical properties of SPIO will 
influence their efficiency of cell labeling, and how cellular uptake 
of SPIOs can be exploited in clinical applications, including stem 
cell and inflammation cell tracking, and intra-cellular drug delivery 
to cancerous cells. The development of SPIOs in liver and lymph 
nodes MRI contrast together is discussed. This article also reviews 
a number of potential applications of SPIOs, including magnetic 
targeting, hyperthermia, magnetofection and gene delivery, targeted 
retention of labeled stem cells, sentinel lymph nodes mapping and 
magnetic force targeting and cell orientation for tissue engineering. 

2. PREPARATION OF SPIO NANOPARTICLES 

The physical and chemical properties of magnetic particles are 
highly influenced by their size, shape, crystallinity and surface 
characteristics. When the particle size is decreased to the critical 
value r c , the magnet changes from a multiple domains state to a 
single domain state [13]. In this case, the magnetic nanoparticle is 
just like a giant paramagnetic atom and responses fast to the exter- 
nal magnetic field. After the removal of the external magnetic field, 
a negligible residual magnetization and coercivity will be found, 
and this kind of magnetic nanoparticles is superparamagnetic. 

Aqueous co-precipitation is the most commonly used method 
for SPIO fabrication due to the simplicity of this synthesis and the 
possibility to obtain large quantity of nanoparticles in smooth 
manufacturing conditions. In 1925, Welo et al. firstly reported this 
approach [14]. By adding a base solution (sodium hydroxide or 
ammonium) into the aqueous Fe 2+ /Fe 3+ solution under an inert at- 
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mosphere, water dispersible SPIO nanoparticles can be obtained. 
The size, shape, composition, and surface nature can be controlled 
by varying the type of the iron salt, the Fe 2+ /Fe 3+ ratio, the reaction 
temperature, the pH value, and the surfactants [15]. The surface 
status of SPIOs can be controlled by adding surfactants or polymers 
during the preparation. If oleic acid is introduced in the reaction, the 
obtained SPIOs exhibit a hydrophobic nature and can well disperse 
into the organic solvent [16]. Most of SPIOs reported in the litera- 
ture are used in the biomedical field, thus various biopolymers such 
as dextran, alginate, protein, polyethylene glycol (PEG), polyacrylic 
acid (PAA), poly (vinyl alcohol) (PVA) and polyethyleneimine 
(PEI) are used as the coating reagents. These polymers can be ad- 
sorbed onto the surface of SPIOs where they act as the stabilizing 
agent to form stable aqueous solution. The nucleation of SPIOs 
occurs in the presence of the polymers, thus the adsorbed polymers 
can inhibit the growth of the nanoparticles and lead to the small 
size. Moreover, the polymers can also slow down the growth rate of 
the nuclei, which favors the formation of monodispersed SPIO 
nanocrystals. Other SPIO synthesis uses monomeric stabilizers as 
coating agents such as carboxylates, phosphates or sulfates [17]. 

The magnetic saturation value (Ms) of SPIO nanocrystals is 
usually not optimal due to the imperfect crystallization of the SPIO 
nanocrystals obtained through a method with low temperature and 
pressure. Therefore, the hydrothermal treatment is applied to im- 
prove the crystallization of SPIO nanocrystals. Wang et al. devel- 
oped a one-step hydrothermal method to synthesize well crystal- 
lized SPIO nanoparticles by using ferrous chloride and diamine 
hydrate as the starting materials [18]. The sample prepared at 140 
°C exhibits a saturation magnetization of 85.8 emu/g while, the 100 
°C reaction leads to a value of 12.3 emu/g. With increasing of the 
temperature, the crystallite size for mono-domain nanocrystal in- 
creases, which further leads to the increase of the Ms. To improve 
the dispensability of SPIO nanoparticles, Xuan et al. reported a 
facile hydrothermal method to synthesize water dispersible SPIO 
nanocrystals [19]. The ascorbic acid is applied both as the reducing 
reagent and the capping ligand, where the Fe 3+ is in situ reduced to 
form SPIOs and the oxidized ascorbic acid is capped onto the sur- 
face of SPIOs. Similarly, hydrophobic SPIO nanoparticles can also 
be synthesized by using the solvothermal method. Via the reaction 
between Fe powder and ferric chloride, monodispersed SPIO 
nanocrystals can be obtained in n-hexane solvent in the presence of 
oleic acid and laurylamine [20]. The as-prepared SPIO nanocrystals 
are homogeneously dispersed within the hexane solvent and the 
solution remains stable for weeks at room temperature. The average 
size is tunable from 5.2 to 12.7 nm by varying the reaction time and 
the Ms value can reach as high as 84 emu/g. Moreover, this method 
can also be extended to synthesize other kinds of SPIOs using Fe- 
complex as the single iron precursor [21]. 

The thermal decomposition approach was first employed to 
synthesize high-quality semiconductor nanocrystals [22, 23]. In- 
spired by this method, Sun et al. reported the fabrication of mono- 
dispersed SPIO nanocrystals by thermal decomposition method in 
2002 [24]. Under high temperature, the iron acetylacetonate de- 
composes to form uniform SPIO nanoparticles in phenyl ether in 
the presence of alcohol, oleic acid, and oleylamine. With this 
method, large SPIO nanoparticles can also be synthesized using the 
small SPIO nanoparticles as seeds with the size ranging from 4 to 
16 nm. Moreover, the Fe (CO) 5 and metal fatty acid salts can also 
be used for the preparation of monodispersed SPIO nanocrystals. 
Park et al. found that this method is effective and productive, and 
has the ability to produce SPIO nanoparticles at tens of grams scale 
[25]. The results indicate that the size of the SPIO nanoparticles can 
effectively be controlled by varying the reaction temperature. In 
2005, Park et al. further reported the method for one-nanometer- 
scale size-controlled synthesis of the monodispersed SPIO nanopar- 
ticles, in which the size depends on the initial iron nanoparticle 
seeds and iron oleate solutions [26]. Unfortunately, all of the above 
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SPIO nanoparticles cannot directly disperse into aqueous solution 
due to their long alkyl chain surfactant coating and can only dis- 
solve in the non-polar solvent. To solve this problem, Li et al. de- 
veloped a novel thermal decomposition method to produce water- 
dispersible SPIO nanoparticles where the strongly polar 2- 
pyrrolidone solvent is used [27]. By using the Fe (acac) 3 as the iron 
source, water-dispersible SPIO nanoparticles are obtained and the 
size can be controlled from 5 to 1 1 nm by using the seeding 
method. To greener the synthesis, only ferric chloride is applied in a 
new approach and the results are promising [28]. The uniform SPIO 
nanocrystals can be obtained by simply boiling the 2-pyrrolidone 
solution of ferric chloride, and the size is controllable by varying 
the reaction time. 

Due to their strongly size-dependent properties, size controlla- 
ble synthesis of SPIO nanoparticles is highly desirable. By pyro- 
lysizing the iron fatty acid precursor, monodispersed SPIO nanoc- 
rystals have successfully been obtained and the sizes range from 6 
nm to 50 nm [29]. By introducing HOOC-PEG-COOH into the Fe 
(acac) 3 -phenyl ether-oleylamine system, the size of SPIO nanopar- 
ticles can be controlled between 19 to 42 nm. Recently, Ge et al. 
developed a high-temperature solution-phase process to synthesize 
monodispersed SPIO nanoparticles, where ferric chloride is used as 
the iron precursor and diethylene glycol as a solvent [30]. The aver- 
age size of the as-prepared SPIO is tunable between 30 to 180 nm 
by simply changing the NaOH concentration. These SPIO particles 
exhibit a cluster nanostructure and are composed of small primary 
magnetite nanocrystals, which render their superparamagnetic char- 
acteristic. Due to the presence of the polyacrylic acid chains in the 
cluster, the SPIO particles are water dispersible. With increasing of 
the cluster size, the Ms value increases and large SPIO particles 
respond to the external magnetic field much quicker than small 
SPIO nanocrystals. Solvothermal method has been proven to be 
another effective approach for controlling the size of SPIO parti- 
cles. Deng et al. reported a modified reduction reaction between 
ferric chloride and ethylene glycol in a weak base medium system 
to produce monodisperse SPIO particles [31]. All the particles are 
uniformly dispersed and the size ranges from 200 to 800 nm, where 
the size is dependent on the reaction time. Inspired by this method, 
Liu et al. synthesized highly water-dispersible biocompatible SPIO 
microparticles using biocompatible trisodium citrate as an electro- 
static stabilizer [32]. The size of the particles is tunable from 170 to 
300 nm by varying the initial ferric chloride concentrations. How- 
ever, controlling of SPIO particle size within 200 nm by using the 
solvothermal method still remains a challenge. To solve this prob- 
lem, Xuan et al. developed a novel bi-solvent solvothermal reaction 
to construct monodispersed SPIO clusters. In this bi-solvent sol- 
vothermal reaction, the size of the SPIO cluster is rationally con- 
trolled between 10 to 280 nm by turning the volume ratio of ethyl- 
ene glycol to diethylene glycol [33]. Interestingly, the primary grain 
size of the SPIO cluster is also tunable and ranges from 5.9 to 13.5 
nm through varying the sodium acrylate/sodium acetate ratio. 
Moreover, by controlling the reaction parameter, both the ferro- 
magnetic and superparamagnetic magnetite with tunable size can be 
obtained (Fig. 1) [34]. 

Apart from the above mentioned synthetic route, many other 
methods such as the microemulsion, ultrasonic solvothermal and H 2 
reduction method are also effective [35-37]. In recent years, atten- 
tion has also been paid to the preparations of SPIO particles with 
different morphologies such as rod, spindle, hollow sphere, porous 
sphere etc. [37-42]. 

3. SURFACE MODIFICATION OF SPIO NANOPARTICLES 

There are several advantages in modifying the surface of naked 
SPIOs. Firstly, the stability of SPIO is a critical issue for their prac- 
tical applications. Due to the high surface energy and the magnetic 
force, naked SPIOs can not uniformly disperse in aqueous solution 
without agglomeration or precipitation. Secondly, since Fe 3 0 4 and 
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Fig. (1). TEM images of the Fe 3 0 4 particles synthesized by using different volume ratios of ethylene glycol to diethylene glycol, (a) 20/0, 300 nm; (b) 10/10, 
165 nm; (c) 5/15, 90 nm; and (d) 1/19, 18 nm (reproduced with permission from reference 34). 



Fe are sensitive to the oxygen, it is necessary to surface-modify 
SPIOs or coat them with a layer of inert materials to protect them 
against oxidation and erosion. In addition, surface modification 
enables SPIOs to be multi-functional nanoparticles. Moreover, 
many functional groups such as -COOH, -NH 2 can be modified 
onto the surface of SPIO, so that the proteins, DNA, peptides, drugs 
can be linked to SPIOs and then actively be targeted to the selected 
tissues. 

Surfactants or polymers are the most commonly used materials 
to modify SPIOs via the in situ and post-treatment method. The 
SPIOs synthesized by the co-precipitation are likely to agglomerate 
at physiological pH. To solve this problem, various materials such 
as PVA, Polyvinylpyrrolidone (PVP), tetramethylammonium hy- 
droxide, citrate acid, phosphonate organic derivatives are added 
during the preparation, thus to be adsorbed on the surface of the 
SPIO to form a modified layer [43-46]. Actually, almost all high 
quality SPIO nanocrystals synthesized by the thermal decomposi- 
tion are not water dispersible, which constricts their applications in 
the biology. Ligand exchange is an effective method to transform 
hydrophobic SPIO to be hydrophilic by replacing the hydrophobic 
surfactants with small molecules containing polar groups on the 
ends [47]. 

Recently, by using short-chain hydrophilic polyelectrolyte 
molecule polyacrylic acid (PAA) as the replacing ligand, Zhang et 
al. developed a refluxing method to conduct the ligand exchanging 
process in the polar diethylene glycol (DEG) solvent [48]. After the 
treatment, the PAA molecules bind to SPIO surface in the place of 
oleic acid and the resulted aqueous dispersion of the SPIO nanoc- 
rystals remains stable. Moreover, the hydrophobic SPIO nanocrys- 
tals can also be well dispersed into aqueous solution by assembling 
them to big hydrophilic nanospheres. Bai et al. used the microemul- 
sion oil droplets as the confined templates within which the SPIO 
nanocrystals are assembled to spherical nanostructure after the 



evaporation of the oil solvents [49]. The alkane chains of the sur- 
factants locate on the outside surface of the nanospheres and the 
hydrophilic ends towards the solution, thus the as-obtained SPIO 
nanospheres can be well dispersed into water solution. Based on the 
similar method, supercrystalline SPIO colloidal spheres with tun- 
able size have been achieved by utilizing the water dispersible 
SPIO nanocrystal micelles as precursors [50]. 

Coating SPIO nanocrystals with a protecting layer to form a 
core shell nanostructure is another effective method. Various inor- 
ganic and organic materials have been proved to be suitable coating 
precursors. Im et al. reported a facile Stober method to synthesize 
Si0 2 coated SPIO nanospheres (SPIO@Si0 2 ) [51]. In this method, 
the size of SPIO@Si02 can be controlled by varying the concentra- 
tions of SPIO and Tetraethylorthosilicate (TEOS) precursor. Re- 
cently, Ge et al. developed a similar method for the preparation of 
monodispersed SPIO@Si0 2 microspheres [52]. Interestingly, these 
microspheres can be well dispersed in several solvents and assem- 
ble to photonic structures under the application of an external mag- 
netic field. In addition, another layer of polystyrene can further be 
coated on the surface of the SPIO@Si0 2 to form a novel anisot- 
ropic nanostructure, in which the magnetic core is eccentrically 
located within the polystyrene shell [53]. In addition to protection, 
the coating layer can also endow SPIOs with other functions. By 
simply reducing HAuCl 4 in a chloroform solution of oleylamine, a 
uniform layer of Au shell can be coated on the surface of the SPIO 
nanocrystal at room temperature [54]. These nanoparticles can be 
used as the seeds for the preparation of the SPIO/Au/Au and 
SPIO/Au/Ag, where the shell thickness can be controlled by vary- 
ing the concentration of the precursor. Most importantly, the addi- 
tional coating changes the plasmonic properties of the final three- 
layer composite, in which the Au layer leads to a red-shift of the 
absorption peak and the Ag coating results in a blue-shift. Conduc- 
tive polyaniline can also be successfully coated on the SPIO micro- 
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spheres to form well defined black-berry like nanostructures by an 
in situ polymerization in the presence of PVP surfactant [55]. With 
increasing of the concentration of the aniline, the shell thickness 
increases. The PVP molecules can not only stabilize the as-formed 
polyaniline but can also increase the compatibility between polyani- 
line and SPIO spheres. Further investigation indicates that polyani- 
line can directly be coated onto negatively charged SPIOs. During 
the preparation, the aniline may be reacted with the carboxylic acid 
groups (on the surface of SPIO) to give the -COO-H 3 N-ion pairs, 
thus the aniline favors to polymerize on the surface of the SPIO 
nanospheres [56]. Similarly, other kinds of polymers such as the 
polystyrene, polymethylmethacrylate, polypyrrole, and phenol- 
formaldehyde can also be used [57-60]. 

Most of the above-mentioned methods are based on two steps 
synthesis, one is the preparation of the core and the other one is to 
coat a shell. To simplify the process, one-step method for the 
core/ shell like magnetic nanostructures has drawn much attention. It 
was reported that the Au@Carbon and Ag@Carbon core shell 
nanostructure can be prepared by heating the aqueous glucose solu- 
tion with relative precious metal ions [61]. Inspired by this work, 
carbon encapsulated SPIO nanocomposites were successfully 
achieved by an in situ reduction-carbonization hydrothermal 
method, in which the FeCl 3 and glucose were used as the starting 
materials [62]. Carbon is proved to be a more stable shell to resist 
the acid, base, and oxidation, in comparison to the traditional poly- 
mer or silica shells. Wang et al. showed that ferrocene can be used 
directly as the single reactant to produce the SPIO@Carbon core 
shell nanoparticles [63]. Under the application of a magnetic field, 
the suspension of the composite particles can diffract visible light 
which indicates their capability to form photonic crystal like micro- 
structure. This phenomenon can also be found after storing the sus- 
pension for eight months and this result shows the as-prepared 
SPIO@Carbon exhibiting a high stability due to the presence of the 
carbon shells. 

To further broaden the impact of SPIOs in diagnostic and thera- 
peutic applications, many functional molecules are directly linked 
onto the surface of SPIOs. Xie et al. reported that the coating of 
dopamine and COOH-teminated polyethylene glycol on SPIO can 
improve their stability [64]. The size of the as- formed nanoparticles 
can be controlled by varying the length of the PEG molecules and 
these nanoparticles are stable in the cell culture media against the 
macrophage cell uptake. Furthermore, they found that chromone 
can be stored into the above modified SPIO nanoparticles and could 
be released via pH controlling [65]. Xu et al. developed a facile 
method to synthesize the nitrilotriacetic acid modified magnetic 
nanoparticles [66]. In this method, after immobilizing the Ni 2+ ions, 
the above magnetic nanoparticles can selectively bind to hisidine- 
tagged proteins which enable it to be an effective method for pro- 
tein separation and drug delivery. To our knowledge, the modifica- 
tion of the SPIO nanoparticles with -NH 2 functional groups by 
hydrolysis of 3-Aminopropyltriethoxysilane is the most facile 
method. During the synthesis, SPIO is firstly dispersed into the 
ethanol/H 2 0 solutions, pH value is tuned by ammonia or NaOH, 
after introducing 3-Aminopropyltriethoxysilane, the mixture is 
refluxed, then the -NH 2 functioned SPIO is prepared. 

4. SPIO NANOPARTICLES CHARACTERISTICS AND 
CELL LABELING EFFICIENCY 

Efficient capture of SPIOs, in vitro or in vivo, by target cells is 
essential for many of their biomedical applications. It is essential 
for cellular imaging, and cellular internalization of drug/SPIO com- 
posite is advantageous for therapeutic application when SPIO is 
used as a drug carrier. However, despite the large number of cell 
labeling studies that have been performed with SPIOs of differing 
size and surface charge, it still remains unclear which SPIO con- 
figuration provides optimal affinity for non-phagocytic cells. Feru- 
moxides (Feridex® IV, Berlex Laboratories; and Endorem®, Guer- 
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bet) possess a dextran coating, while Ferucarbotran (Resovist®, 
Bayer Healthcare) has a carboxydextran coating [2-4]. Ferumoxides 
are an SPIO colloid with a hydrodynamic particle size of 120-180 
nm, while Ferucarbotran is an SPIO colloid with a hydrodynamic 
particle size ranging between 45 and 60 nm. However, there is a 
lack of efficient binding of dextran coated nanoparticles on the 
plasma membrane, which limits the capability of cell internalization 
to the fluid phase endocytosis pathway [67-69]. 

The cellular uptake and more generally their biological behav- 
iors depend on several physicochemical parameters of SPIOs in- 
cluding their size, shape, polydispersity, charge and structure of the 
coating [17]. When taking into account the coating, "large" (> 50 
nm of hydrodynamic diameter) SPIOs, such as Ferumoxides or 
Ferucarbotrans show a greater uptake than smaller SPIOs, i.e. 
Ferumoxtran-10 (Sinerem, SPIO with hydrodynamic size of 15-30 
nm and detrxan coating, Guerbet) and SHU-555C (SPIO with hy- 
drodynamic size of 21nm and carboxydextran coating, Bayer 
Healthcare) respectively, as shown on the human promonocytic cell 
line THP-1 [70]. The in-vitro uptake of Ferumoxides by mouse 
peritoneal macrophages was found to be dose-dependently inhibited 
by polyinosinic acid and fucoidan, thus suggesting the involvement 
of a scavenger receptor A-mediated endocytosis for this nanoparti- 
cle [71]. The positively charged collagen-like domain of the scav- 
enger receptor may participate in the recognition of dextran-coated 
SPIOs. Uptake of Ferumoxides through scavenger receptors was 
confirmed by Chao et al., who demonstrated that the carbohydrate 
receptor pathway (mannose receptor CD206) is not involved in this 
phenomenon [72]. 

Different strategies have been employed to improve the effi- 
ciency of magnetic labeling of a wide variety of cells. First strategy 
is to substitute the fluid phase endocytosis pathway of SPIOs with 
the more efficient receptor mediated endocytosis pathway by cou- 
pling SPIO particles with specific ligands. Some authors exploited 
the ubiquitous transferrin receptor to shuttle transferrin-coupled 
dextran coated nanoparticles into cancerous cells as well as into 
neural progenitor cells [73-75]. The cell capture of transferrin- 
coupled nanoparticles was two to four times higher compared to 
that of the dextran-coated particles and was dependent upon the 
level of cell expression of the transferrin receptors. Some authors 
[76-77] performed a graft on a cross-linked dextran coated super- 
paramagnetic nanoparticles with a membrane translocating signal 
peptide HIV-1 Tat protein which is known to freely travel through 
cellular and nucleic membranes, and succeeded in improving the 
magnetic labeling efficiency. Compared to dextran coated nanopar- 
ticles, the uptake was enhanced by two to three orders of magnitude 
in hematopoietic CD34+cells, mouse neural progenitor cells, hu- 
man CD4+ lymphocytes or mouse splenocytes, attaining 10 to 30 
pg of iron per cell [77-78]. During in vitro cellular labeling proce- 
dures, some authors use transfection agents to increase SPIOs cell 
labeling efficiency [79]. Transfection agents are highly charged 
macromolecules that have been used to transfect oligonucleotides 
into cells via electrostatic interaction, which results in endosome 
formation. Transfection agents are toxic to cells, and their toxicity 
is proportional to the transfection agent concentration [80]. It is 
advantageous if a high intracellular labeling efficiency can be 
achieved without the use of any transfection agent. 

Surface charge is an important factor for intracellular delivery 
of exogenous materials. It was found that ionic carboxydextran- 
coated Ferucarbotran performed better than non-ionic dextran 
coated Ferumoxides for cell labeling [81]. Cationic surfaces of 
exogenous material have been shown to facilitate cellular internali- 
zation [82-83]. For the cellular uptake of SPIOs in non-phagocytic 
T cells, it was reported that the aminated surfaces of SPIO particles 
provide an inherent surface charge, facilitating cellular interaction 
[84]. In a recent study, we systematically compared cancerous cell 
lines MCF-7, MDA-MB-23 1 , HT-29, HepG2, PC-3 and U-87 MG, 
as well as mouse bone marrow derived mesenchymal stem cells 
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(MSCs), mouse macrophage cells (RAW 264.7) and mouse fibro- 
blast cells (L929) with aminosilane (Si0 2 -NH 2 ), Si0 2 or dextran 
coated SPIO as well as bare SPIO nanoparticles (SPIO core size: 7 
nm; overall size: -15 nm) [85]. We demonstrated that cellular up- 
take efficiency of SPIO nanoparticles was dependent on the charac- 
teristics of cell lines as well as the surface coating of nanoparticles. 
Among these two factors, the biological nature of cell line may 
have the prior importance. MCF-7, MDA-MB-231, and HT-29 cells 
had poor uptake efficiencies for all four types of SPIO nanoparti- 
cles. On the other hand, L929, RAW 264.7, HepG2, PC-3, U-87 
MG cells, and MSCs displayed substantial nanoparticle cellular 
uptake capabilities. It was also observed that all these six mammal- 
ian cell lines showed the highest cellular uptake for SPIO@Si0 2 - 
NH 2 nanoparticles (Fig. 2). Our study may also suggest that cancers 
with biological features similar to breast cancer cells MCF-7, 
MDA-MB-23 1 and colon cancer HT-29 cells may be less amenable 
to certain types of targeted therapy, while cancers with biological 
features similar to cancerous cells HepG2, PC-3 and U-87 MG may 
be more responsive to nanoparticle assisted targeted therapies. We 
have previously reported that surface amine modification enhances 
labeling efficiency for rabbit MSCs of SPIO@Si0 2 -NH 2 nanoparti- 
cles by 4-fold compared to SPIO@Si0 2 nanoparticles (Fig. 3) [86- 
87]. That finding agreed well with the current result of mouse 
MSCs (Fig. 2F). In another study, the high cellular labeling effi- 
ciency of SPIO@Si0 2 -NH 2 nanoparticles was also observed in 
human osteosarcoma line U20S [88]. 




Fig. (2). Intracellular iron content in L929, RAW 264.7, HepG2, PC-3, U-87 
MG, and primary cultured mouse MSCs after 24 hours incubation of SPIO 
nanoparticles with iron concentration at 4.5 ug/mL. Note: Data were ex- 
pressed as means ± standard deviations from three experiments. Abbrevia- 
tions: MSC, mesenchymal stem cell; SPIO@Si02-NH2, aminosilane-coated 
SPIO nanoparticles; SPIO@Si02, Si02-coated SPIO nanoparticles; 
SPIO@dextran, dextran-coated SPIO nanoparticles (reproduced with per- 
mission from reference 85). 
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Fig. (3). Optical microscopy images of the rabbit MSCs with Prussian blue 
staining, demonstrating the SPIO@Si02-NH2 nanoparticle distribution 
within mesenchymal stem cells (original magnification: 200x). A) Image 
showing close to 100% labeling efficiency. B) Image showing numerous 
SPIO nanoparticles in four MSCs (reproduced with permission from refer- 
ence 86). 

Under pH value less than 8, the protonation of amino groups on 
aminosilane-modified magnetic nanoparticles occurs, resulting in 
surface positive charges [89] and SPIO@Si0 2 -NH 2 nanoparticles 
are positively charged. It is also known that plasma membranes 
possess large negatively charged domains, which repel anionic 
nanoparticles, and cationic surfaces can facilitate cellular internali- 
zation [84]. Due to the hydroxyl group present on the surface of 
SPIO@Si0 2 and bare nanoparticles, these two nanoparticles are 
negative charged [90]. This may partially explain why SPIO@Si0 2 - 
NH 2 nanoparticles possess higher cellular labeling efficiency than 
SPIO@Si0 2 nanoparticles. Osaka et al. also reported a correlation 
between the surface charge of SPIOs and their cellular uptake effi- 
ciency into different cell lines [69]. SPIOs with a positive charge 
showed higher internalization into human breast cancer cells com- 
pared to negatively charged SPIOs; whereas there was no difference 
in the degree of internalization into human umbilical vein endothe- 
lial cells. In our study [85], compared to SPIO@Si0 2 -NH 2 or 
SPIO@Si0 2 nanoparticles, non-coated and dextran coated SPIO 
nanoparticles were found to be less uptaken in all six cell lines. 
Kunzmann et al. reported that silica-coated SPIO nanoparticles 
were taken up to a greater extent when compared to dextran-coated 
particles in primary human macrophages [91]. 

On the other hand, Wilhelm et al. presented a class of SPIOs 
bearing negative surface charges [67]. These anionic nanoparticles 
show a high affinity for the cell membrane and, as a consequence, 
are captured by HeLa cells with an efficiency three orders of mag- 
nitude higher than the dextran-coated iron oxide nanoparticles. It 
was noted that surface coating of anionic particle with albumin 
strongly reduces the nonspecific interactions with the plasma mem- 
brane as well as the overall cell uptake. Previous studies reported 
cellular uptake of dextran coated nanoparticles varying from 0.011 
to 0.1 18 pg of iron per cells (1 h incubation at 37°C; [Fe] = 2mM) 
in different tumor cells and a maximum load of 0.97 pg in primary 
isolated peritoneal mouse macrophages. In contrast, saturating up- 
take of anionic nanoparticles was found to be up to 40 pg per cell in 
HeLa cells for [Fe] =15mM and up to 10 pg per cell in macro- 
phages for [Fe] =1.5mM [67]. 

Ferumoxides and Ferucarbotran both have negative surface 
charge. Cellular labeling with SPIOs such as Ferumoxides and 
Ferucarbotran occurred randomly because of an absence of driving 
force, thereby showing irregular engulfment efficacy. Recently, 
heparin-coated SPIO (HSPIO) has been developed due to specific 
function of heparin molecule [92-94]. Heparin, with a molecular 
weight between 3 to 30 kDa, is composed of sulfated glycosamino- 
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glycan and is widely used as an anticoagulant medication. When 
treated with the HSPIOs, stem cells are able to engulf ~4-fold larger 
amount of HSPIOs into cytosol when compared to Ferumoxides 
treatment [92]. For the labeling of stem cells, Ferumoxides were 
treated with stem cells with long treatment time (-24 h) and high 
concentration, and the amount of the engulfed iron had wide range 
(1.47 - 17.9 pg Fe/cell) [95]. On the other hand, HSPIOs can easily 
enter stem cells, though exposed to stem cells for 1 h incubation. 
Other previous studies also demonstrated that hydrophilic heparin 
coated onto the surface of biomaterials could facilitate cell adhesion 
to the cell membrane surface due to the enhanced hydrophilicity 
[96-98]. 

Low-intensity pulsed ultrasound (LIPUS) has been used to fa- 
cilitate the uptake of SPIOs by cells that do not express high endo- 
cytosis capacity. In an example of the human osteosarcoma cell line 
U20S, it was reported that LIPUS with the same parameters as 
those used in clinical application to accelerate bone fracture healing 
(1.5 MHz, duty cycle 1:4, spatial-average temporal-average inten- 
sity 30 mW/cm 2 ) was able to facilitate the uptake of small SPIOs 
(overall diameter 8 nm) by U20S cells in an exposure duration 
dependent manner [88]. 

Surface coating can influence nanoparticles cellular uptake 
behavior as well as their cytotoxicity. In the study of cellular uptake 
of SPIOs in non-phagocytic T cells, Thorek & Tsourkas found that 
there was no trend correlating increased or decreased SPIOs particle 
size with labeling efficiency [84]. However, they found that highly- 
aminated SPIOs with a diameter of 107 nm had a high cell labeling 
efficiency. Thorek & Tsourkas also suggested that despite their 
high R2 values and large iron contents, SPIO particles greater than 
200 nm had limited applicability in labeling non-phagocytic cells. 
With T cell, it was reported that negligible to low levels of cell 
death were observed for SPIO particles of a number of diameters 
incubated at concentrations of 10 and 50 ugFe/mL, respectively, 
except for the surface aminated 107 nm SPIO which exhibited some 
cell death even at 10 ug/mL and this effect was exacerbated at in- 
creased concentrations [84]. However, when the amines on the 107 
nm particle were completely blocked, cell death was reduced to 
negligible levels; meanwhile, cell internalization was also reduced 
extensively. These results show that the high driving force for cell 
internalization imparted by the positive charge due to aminated 
surface on SPIOs can lead to T cell death. In our study, the depend- 
ence of cytotoxicity on surface coating of SPIO nanoparticles was 
investigated using the mouse macrophage RAW 264.7 cells. Our 
results showed that the Si0 2 coated SPIOs with amine surface 
modification and bare SPIO and dextran coated SPIO nanoparticles 
(all approximately lOnm) did not affect the cell viability of RAW 
264.7 cells, even at an iron concentration of 200 ug/ml [85]. How- 
ever, Si02 coated SPIO nanoparticles (approximately lOnm) nega- 
tively affected RAW 264.7 cell viability at iron concentrations from 
10 to 200 ug/ml in a dose-dependent manner [85]. Gozal et al. re- 
ported that RAW 264.7 cells are sensitive to silica, and exhibit en- 
hanced TNF-a production and NF-kB activation which lead to cell 
apoptosis [99]. This result is also consistent with the finding re- 
ported by Kunzmann et al. that small silica coated SPIO nanoparti- 
cles (30 nm and 50 nm) rather than dextran-coated nanoparticles 
displayed dose-dependent cytotoxic effect [91].The aminosilane 
improves the biocompatibility of silica coating which may be partly 
due to the organic modification of the silica coating and limits the 
interaction between silica and intracellular organelles. 

Micrometer-sized iron oxide particles (MPIO) uptake in non- 
phagocytic cells has been accomplished, but is limited by the addi- 
tional conjugation work and cost of using an antibody mediated 
approach [100], which must be species specific and may induce 
adverse cellular events. Large particles, over 200 nm in diameter, 
possess much greater amounts of iron per particle, and thus theo- 
retically require few or single particles per cell to be used. How- 
ever, during in-vitro process, these particles suffer from gravita- 



tional sedimentation, decreased efficiency of cell labeling, and in 
some cases, free particles are incompletely removed from labeled 
cells. This may not be a problem with adherent and/or phagocytic 
cell systems, but significantly hampers their efficacy as magnetic 
labeling probes for non-phagocytic suspended cells [84]. 

5. SPIO NANOPARTICLES FOR MAGNETIC RESONANCE 
IMAGING CONTRAST 

MRI contrast agents have made a significant impact in the use 
of MRI for various clinical indications. Since the introduction of the 
first MRI contrast agent Gd-DTPA (Magnevist®, Bayer Healthcare) 
in 1988, there has been a tremendous increase in the number of 
contrast-enhanced MRI examinations. MRI contrast agents contain 
paramagnetic or superparamagnetic metal ions that affect the MRI 
signal properties of surrounding tissue. A conglomerate of numer- 
ous nano-sized iron oxide crystals coated with dextran or carboxy- 
dextran forms SPIO contrast agents [2-4]. Two SPIO particle for- 
mulations have been approved by the regulatory bodies, namely 
Ferumoxides (Feridex® IV, Berlex Laboratories; and Endorem , 
Guerbet) and Ferucarbotran (Resovist , Bayer Healthcare). Feru- 
moxides and Ferucarbotran were both approved specifically for MR 
imaging of the liver. However, radiologists are now using other 
new tools for liver imaging, only Resovist® is still marketed in Ja- 
pan. After intravenous administration, due to their size Ferumox- 
ides and Ferucarbotran particles are cleared from the blood by 
phagocytosis accomplished by reticuloendothelial system (RES) so 
that uptake is observed in the normal liver, spleen, bone marrow, 
and lymph nodes. After the intracellular uptake, SPIOs appear in 
the lysosomes, and turn into a soluble, nonsuperparamagnetic form 
of iron that becomes part of the normal iron pool (eg, ferritin, he- 
moglobin) [101]. Phagocytosed SPIO particles in Kiipffer cells in 
the liver produce strong T2/T2* relaxation effects in normal hepatic 
parenchyma. Following the administration of this agent, because of 
a homogeneous distribution of reticuloendothelial cells in the 
healthy liver parenchyma, the liver negatively enhances on T2- or 
T2*-weighted images (ie, it turns dark), resulting in increased con- 
spicuity of pathologic lesions that do not contain reticuloendothelial 
cells (Fig. 4). The degree of SPIO uptake and the consecutive extent 
of signal intensity drop are used to differentiate and characterize 
lesions [4]. 

The detection of liver metastatic lesions is improved with SPIO 
agent, as well as cholangiocellular carcinoma, due to the absence of 
Kiipffer cells within these lesions. Undifferentiated hepatocellular 
carcinoma (HCC) usually demonstrates no change in signal inten- 
sity when compared with T2/T2*-weighted images in unenhanced 
and SPIO-enhanced imaging. This leads to an improvement in the 
contrast-to-noise ratio of the lesion with subsequent improvement 
of demarcation as well as visualization and an increased detection 
rate for HCC. On the other hand, lesions containing reticuloendo- 
thelial cells, such as focal nodular hyperplasia, may become isoin- 
tense to normal liver because of a decreased lesion-to-liver contrast 
ratio [103]. Phagocytic activity might overlap among some border- 
line lesions. One study found no significant difference in number of 
Kiipffer cells between well-differentiated HCC and surrounding 
liver tissue [104]. Double-contrast MR imaging of SPIO- and Gd- 
dynamic MR imaging have also been used to assess liver fibrosis 
[105]. Overall the uptake of SPIO based agents in clinical practice 
has been much less than expected. 

Ferumoxtran-10 (AMI-227; Combidex®, AMAG Pharma; 
Sinerem , Guerbet) has a small size and hydrophilic coating result- 
ing in a longer blood half-life. These particles are subsequently 
phagocytosed by macrophages and accumulate in the lymphatic 
system or inflammatory foci. Normal lymph nodes are character- 
ized by a dramatic signal drop on T2*-weighted images, whereas 
malignant lymph nodes, being devoid of macrophages, do not ac- 
cumulate iron oxide particles and maintain a high MRI signal inten- 
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Fig. (4). One 0.8-cm hepatocellular carcinoma was found in the liver of a 63-year-old man. A. Neither the arterial-phase CT image (left) nor the portal venous- 
phase CT image (right) reveals the presence of a lesion. B. SPIO-enhanced respiratory-triggered T2 -weighted turbo spin-echo image (left) and breath-hold 
T2*-weighted fast image obtained with steady state precession (right) depict the tumor as an area of high signal intensity (arrows). The tumor was surgically 
confirmed (reproduced with permission from reference 102). 



sity (Fig. 5). The development of this product has recently been 
halted in Europe as well as in the US. 

The therapeutic use of stem and progenitor cells as a substitute 
for malfunctioning endogenous cell populations has received con- 
siderable attention. The development and evaluation of stem cell- 
based therapies desire a qualitative and quantitative assessment of 
their distribution to target organs and their engraftment. To be visu- 
alized with MRI, before in vivo administration, these stem cells can 
be in-vitro labeled with SPIOs. MRI tracking of the stem cells will 
then depend on magnetic particle labeling efficiency and a low 
body clearance rate. Prussian blue staining has commonly been 
used to confirm that the stem cells are labeled with SPIO particles 
in vitro. However, it is not easy using Prussian blue stain to confirm 
whether SPIO particles are labeled intracellularly or whether they 
are merely attached to the surface of cells. It can be assumed that 
the SPIO particles that are merely attached to the stem cells sur- 
faces are more likely to fall off the cells during in-vitro handling in 
the later stages and also after being transplanted into the in-vivo 
system. This leads to the possibility that stem cells that initially 
appeared to have been properly labeled based on Prussian blue 
staining evidence become "unlabelled" later on [106-107]. The 
fate of intracellularly labeled SPIO particles is not yet fully under- 
stood. Some SPIO particles will eventually be biodegraded within 
the cells after a period of time. Therefore, not all the stem cells 
labeled with SPIO particles in-vitro will have the presumed level of 
SPIO particles or a sufficient amount of such particles to render the 
stem cells trackable in-vivo by MRI after transplantation. Some 
SPIO labeled stem cells may actually die after being transplanted 
into the in-vivo system. Although these dead stem cells can be visu- 
alized with MRI, they no longer have biological functions. Dead 
stem cells and their debris will be engulfed by macrophages or 
other cells with a similar function, such as glial cells in the brain 
and spinal cord. The SPIO particles removed from stem cells via 
exocytosis and those that dropped off from the surface of the stem 
cells are also likely be taken up by monocytes/macrophages, espe- 
cially when stem cells are delivered intravascularly; SPIO particles 
will also be deposited in lymph nodes. In this case, MRI will also 
visualize these monocytes/ macrophages and lymph nodes [107]. In 
addition, MRI is an insensitive technique, despite in-vitro optimized 
scenario single cell detection has been achieved in phagocytic cells 
with clinically approved SPIOs [108-109], the in-vivo detection 
limit is likely to be around 1,000 stem cells. In addition, SPIO stem 
cell labeling is not an FDA approved indication till now, how 
SPIOs affect the function and fate of stem cells requires further 
clarification. Despite initial reports that labeling of stem cells with 
SPIO is safe without affecting stem cell viability, recent studies 



suggested that SPIO-labeling may affect the metabolism and some 
functions of stem cells [110-111]. On the other hand, though how 
SPIO cell labeling will be used clinically remains unclear, in-vivo 
animal study with this technique does provide a useful tool to un- 
derstand the mechanism of how stem cells will function to repair 
the damaged tissues [112]. The value of SPIO-based imaging for 
the follow up of in-vivo pharmacodynamics effects of the angio- 
tensin II receptor antagonist irbesartan has been evidenced in ApoE 
-/- mice 48 hours after the administration of SPIOs [113]. The rap- 
idly evolving field of small animal imaging that allows non- 
invasive and real-time evaluation of the natural history of disease, 
or efficacy of treatments as well as the wide availability of high- 
resolution imaging equipment is crucial in translational research. 

As noted previously, following intravenous injection, SPIO is 
incorporated into macrophages via endocytosis. The uptake of 
SPIOs by phagocytic monocytes and macrophages provides a valu- 
able in-vivo tool by which MRI can be used to monitor the in- 
volvement of macrophages in inflammatory processes, such as mul- 
tiple sclerosis, traumatic nerve injury, stroke, brain tumors, and 
vulnerable plaque in carotid artery [114]. Capture of SPIOs by in- 
flammatory lesions results in hyposignal on T2/T2 -weighted MR 
sequences. This important issue can be potentially integrated in 
daily clinical practice of radiologists. Most of the clinical studies 
involving SPIOs with "stealth behavior", i.e. escaping to the reticu- 
loendothelial system during early phases following injection to 
reach "deep" inflammatory foci, were performed with Ferumox- 
tran-10. Saleh et al. [1 15] performed an MRI study with Ferumox- 
tran-10 in ischaemic stroke patients and observed macrophage ac- 
tivity in all patients. For multiple sclerosis, Dousset et al. used 
Ferumoxtran-10 particles to demonstrate the visualization of 
macrophage activity in patients with relapsing- remitting multiple 
sclerosis [116]. Neuwelt et al. conducted clinical studies with MRI 
monitoring of macrophages in brain tumors [117]. The macrophage 
MRI detection with SPIOs of tumor morphology might facilitate the 
surgical resection or biopsy of brain tumors. Of note, positive signal 
enhancement can also be observed in the case of low local concen- 
tration of SPIOs in the tissue. 

Several clinical studies have shown that the dextran-coated 
ferumoxtran-10 targets macrophages located in atherosclerotic aorta 
and pelvic arteries or in stenotic carotid arteries [118-120]. Trivedi 
et al. reported that, 24-36 h after infusion, Ferumoxtran-10 particles 
accumulated in macrophages of carotid atheroma which was detect- 
able in-vivo by MRI [121]. The ATHEROMA (Atorvastatin Ther- 
apy: Effects on Reduction of Macrophage Activity) study investi- 
gated the effects of low- and high-dose atorvastatin on carotid 
plaque inflammation as determined by ferumoxtran-10 enhanced 
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Fig. (5). This figure shows that how small lymph nodes supposed to be benign due to their size can be malignant. Images on the left hand are pre-contrast 
images, while the post-sinerem images on the right show hypersignal intensity small lymph nodes, which is a sign of malignancies. MRI at 3T allows a perfect 
depiction of these small lesions with high spatial resolution (Courtesy of Prof. Dr. Jelle Barentsz, Prostate MR-Center of Excellence, Afdeling Radiologie, 
Radboud Universiteit Nijmegen Medisch Centrum, the Netherlands). 



carotid MRI in 47 patients with carotid artery stenosis > 40%. This 
trial showed the evidence that aggressive lip id-lowering therapy 
with high-dose of atorvastatin over a 3-month period is associated 
with significant reduction in SPIO-defined carotid plaque inflam- 
matory foci [122]. This was the first prospective clinical study that 
intended to correlate the in-vivo effects of statin therapy on carotid 
plaque inflammation. The exposure period of atheromatous plaque 
to circulating SPIOs is critical for the uptake of SPIOs. In hyperlip- 
idemic rabbits, the in vivo MRI enhancement was found to be 
higher with the long half-life agent ferumoxtran-10 as compared to 
that obtained with ferumoxytol, another SPIO of similar size with 
shorter half-life, whereas in vitro macrophage phagocytosis was 
greater with ferumoxytol [123]. The reproducibility and repeatabil- 
ity of vascular inflammation imaging using SPIO need to be as- 
sessed in comparison to that of 18 fluorodeoxyglucose (FDG) posi- 
tron emission tomography (PET) associated with computed tomo- 
graphy (CT). Furthermore, because of the proximity of the lymphat- 
ics to the arterial wall and the capture of SPIOs by lymph nodes, an 
interfering blooming effect might be observed [124]. The issue of 
quantification of SPIO-based carotid plaque T2 weighted imaging 
has also been questioned [124]. However, recent clinical data sug- 
gest that quantitative T2 measurement is feasible [125]. Therefore, 
SPIO based cellular MRI provides an imaging biomarker looking 
into the diverse physiopathological phenomena in clinical scenario. 

Furthermore, coupling of a "pharmacophore" (such as antibod- 
ies, fragments of antibodies, peptides, small organic ligands) is a 
common approach to target overexpressed receptors (HER2/neu, 
EGFR, etc.), integrins, vascular cell adhesion molecule 1 (VCAM- 
1), etc. and thus allows transition from cellular imaging (with un- 
functionalized SPIOs or "contrastophores") to molecular imaging 
[3]. In vitro and in vivo preclinical proofs of this concept are avail- 
able for several such nano-objects. However, the intrinsically low 
sensitivity of MRI limits the selection of molecular targets of clini- 



cal interest [17]. The non-specific lesion enhancement associated to 
diffusion of vectorized nanoparticles must be distinguished from 
specific enhancement induced by binding and internalization onto 
cells overexpressing the target of interest. Therefore, relevant con- 
trol groups are mandatory in preclinical studies to evidence the 
specificity. 

SPIOs with prolonged blood half-life may be used as blood 
pool agents, using a Tl sequence for MR angiography [126], mi- 
crovascular permeability and tumor blood volume, where signal 
enhancement reflects the regional blood volume [3]. Using T2/T2 
sequences and provided they have a prolonged blood half-life, in- 
travenous bolus administration of these nanoparticles can allow 
measurements of steady-state cerebral blood volume (CBVss) and 
microvessel size index measurements [3]. In addition to its interest 
as a research tool for physiological studies [127], SPIO-based func- 
tional imaging may be of clinical value, for example for the non- 
invasive localization of eloquent cortex before neurosurgery. 
CBVss-based functional imaging has a higher sensitivity compared 
with BOLD imaging as well as a better spatial resolution [128], 
SPIO (monocrystalline iron oxide nanoparticles, MIONs) was 
found in awake macaque monkeys to increase functional sensitivity 
at 3 Tesla MRI by an average factor of 3 across the brain for a 
stimulus of long duration [129]. Functional imaging can be a help- 
ful tool in both the preclinical and clinical steps of the development 
of a central nervous system drug candidate [130]. The current ab- 
sence of marketing authorization of small SPIOs with long half- 
lives does not preclude their use for preclinical development stud- 



6. SPIO NANOSTRUCTURE ASSISTED DRUG DELIVERY. 

Various nanostructures are proposed as carrier for therapeutic 
drugs, particularly anticancer drugs. When administrated in-vivo 
intra-vascularly, nanoparticles preferentially accumulate at tumor 
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sites through enhanced permeability and retention (EPR) effect, as 
tumor-associated neovasculatures are highly permeable, allowing 
the leakage of circulating nanoparticles into the tumor interstitium, 
and also many tumors lack an effective lymphatic drainage, leading 
to subsequent nanoparticle accumulation [131]. In addition, drugs 
associated with nanoparticles may avoid recognition by the P- 
glycoprotein efflux pump which is the best known mechanism of 
drug resistance, leading to higher intracellular drug concentrations 
[132]. Though SPIO is not associated in this case, one successful 
nanotechnology based on paclitaxel formulation approved by the 
FDA is Abraxane™ (Abraxis, Celgene) for treating metastatic 
breast cancer. Abraxane is an albumin-paclitaxel nanoparticle for- 
mulation prepared by high-pressure homogenization of paclitaxel in 
the presence of serum albumin into a nanoparticle colloidal suspen- 
sion with size range of 100-200 nm [133]. 

SPIOs have emerged as promising drug carriers. SPIOs are 
highly biocompatible, with the iron ion from the degradation enters 
the body iron pool. SPIOs employed in drug delivery include nano- 
spheres, nanoshell, liposomes and microspheres. Drugs are bound 
to SPIO surface or encapsulated in magnetic liposomes and micro- 
spheres. If the drug is loaded on the surface of SPIOs, drug payload 
can quickly be released upon injection into the in-vivo environment 
(i.e. burst effect). In order to reduce the burst effect, SPIO has been 
prepared with a cross-linked poly (ethylene glycol)-co-fumarate 
(PEGF) coating. Tamoxifen was loaded onto the surface of coated 
SPIO (via hydrogel properties of PEGF), and the results showed 
that the cross-linked PEGF coating reduced the burst release by 
21% in comparison with the non cross-linked tamoxifen loaded 
particles [134]. SPIOs with a mesoporous structure were also pre- 
pared via simple solvothermal method and doxorubicin was loaded, 
a favorable loading capacity and release kinetics were demonstrated 
[135]. In other approaches, phospholipid vesicles incorporating 
SPIOs (magnetic liposomes) were filled with drugs and used for 
targeted delivery applications [136-137]. Magnetic microspheres 
have been formed from encapsulation of SPIOs (with core size of 
5-15 nm) in biocompatible, non-toxic (FDA approved) and biode- 
gradable polymeric microspheres, such as PLGA and poly (L- or 
DL-lactide) (PLA) [9]. Since most of polymeric coatings in SPIOs 
are selected from hydrogel categories, the drug release from these 
hydrogel shells can be engineered by controlling their physical and 
chemical properties. Permeability, temperature sensitivity, pH sen- 
sitivity, osmolarity, sensitivity, charge, surface functionality, swel- 
ling, biodegradability, and surface biorecognition sites are major 
mechanisms for controlled drug release applications of hydrogels 
[138]. For instance, by using the thermal sensitivity of hydrogels on 
the surface of SPIO, the release of chemotherapeutic drugs can be 
controlled by local heating using an alternating current magnetic or 
electromagnetic field. Magnetoliposomes, which contain SPIOs of 
8 nm diameter, can release the drug upon magnetic field irradiation 
[139]. Since the magnetoliposomal membrane has a phase transition 
temperature of 42 °C, the release of drug can be related to the local 
heating of the liposomal membrane. 

More than 40% drug candidates identified by high-throughput 
screening are poorly water soluble [140]. These water insoluble 
drugs show decreased systemic bioavailability when orally adminis- 
tered or hamper the ability to be administered through the intrave- 
nous route. Porous or hollow structured materials have been con- 
sidered for delivery of water-insoluble anticancer drugs. SPIO 
based hydrophobic drug carriers commonly comprise magnetic 
nanoparticulate cores with an organic (i.e. oleic acid) [141] or inor- 
ganic (i.e. mesoporous silica) shell [142], and the therapeutic agents 
are encapsulated within the shell structure. Recently, SPIO 
nanoshells have successfully been synthesized by Cheng et al. 
[143] and Iram et al. [144]. Hollow SPIO nanoshells have large 
fraction of volumes in their inner space, which can be used as a 
reservoir for storing hydrophobic drugs. With curcumin and 
doxorubicin base as model drugs, intracellular delivery of hydro- 
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phobic anticancer drugs by hollow structured SPIO nanoshells (hy- 
drodynamic diameter: 191.9 ± 2.6 nm) was studied in gliomablas- 
toma U-87 MG cells [145]. It was demonstrated that encapsulation 
by SPIO nanoshells enabled good aqueous dispersion of the hydro- 
phobic drugs. In lysosome-mimicking buffers with a pH of 4.5-5.5, 
pH-dependent drug release was observed from curcumin and 
doxorubicin loaded SPIO nanoshells (curcumin/SPIO or doxorubi- 
cin/SPIO). After internalization by U-87 MG cells, SPIO nanoshells 
were localized at the acidic (pH -4.5) compartments of endosomes 
and lysosomes (Fig. 6). Compared with free drug, the intracellular 
curcumin content delivered via curcumin/SPIO was 30 folds higher. 
Increased intracellular drug content for doxorubicin base delivered 
via doxorubicin/SPIO was also confirmed, together with a fast in- 
tracellular doxorubicin release attributed to its protonation in the 
acidic environment (Fig. 7). Doxorubicins/SPIOs enhanced 
caspase-3 activity by twofold compared with free doxorubicin base. 
The concentration inducing 50% cytotoxic effect (CC 50 ) was 0.05 ± 
0.03 ug/ml for doxorubicin/SPIO, while it was 0.13 ± 0.02 ug/ml 
for free doxorubicin base [145]. 
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Fig. (6). A: pH-dependant SPIO nanoshell dissolution in endosomes/ 
lysosomes mimicking acidic buffers. 50 ug/ml SPIO nanoshells were incu- 
bated with 20 mM citrate buffer at pH 4.5, 5.0, 5.5 or PBS at pH 7.4. The 
dissolution rate was calculated by measuring the iron concentration of the 
supernatants. B & C: TEM images of U-87 MG cells after incubation with 5 
mg ml 1 SPIO nanoshells for 24 h. Intracellular SPIO nanoshells are distrib- 
uted in the endosomal/lysosomal compartments, but not in the nucleus and 
other supermicrostructures, and a fraction of nanoshells is disintegrated 
(reproduced from reference 145 with permission). 

Compared with other nanoparticle drug carriers, one of the 
important advantages of drug attached/encapsulated SPIOs is that 
these composites can be delivered via magnetic targeting. In addi- 
tion, the in-vivo distribution of these drug/SPIO composites can be 
monitored by MRI [146]. The first application of magnetic drug 
delivery systems was developed by Widder et al. [147]. In magnetic 
targeting, SPIOs loaded with anti-cancer agents are intravenously or 
intra-arterially administrated. When applying an external high- 
gradient magnetic field at the desired site, for example solid tumor 
site, the drug/SPIO composites can be accumulated locally. In most 
cases, the magnetic field gradient is generated by a strong perma- 
nent magnet, fixed outside the body over the target site. When the 



6584 Current Pharmaceutical Design, 2013, Vol. 19, No. 37 



Wang et al. 




0-1 1 1 1 1 

-3 -2-10 1 
DOX concentration [Log (ug/ml)] 



Fig. (7). U-87 MG cells were incubated with 5 ug/ml SPIO nanoparticles for 24 h. Cells were subsequently stained with 1 uM LysoSensor™ Green DND-189 
(green) and 100 ng/ml Hoechst 33342 (blue) for 30 min, and then observed by the fluorescent microscope. The merged images of phase contrast, LysoSensor 
green and Hoechst 33342 staining indicate the co-localization of endosomes/lysosomes and SPIO nanoshells. Scale bar = 25 um. Intracellular delivery of 
hydrophobic anticancer drugs by hollow structured SPIO facilitated intracellular curcumin delivery and also enhanced cytotoxic effect for doxombicin (DOX) 
(reproduced from reference 145 with permission). (The color version of the figure is available in the electronic copy of the article). 



magnetic forces exceed the linear blood flow rates in arteries (10 
cm/sec) or capillaries (0.05 cm/sec), the magnetic particles are re- 
tained at the target site by the external magnetic field. Once the 
drug/carrier is concentrated at the targeted location, the drug can be 
released either via enzymatic activity or changes in physiological 
conditions such as pH, osmolality, or temperature, and may be in- 
ternalized by cells of the target tissue or tumor cells. Cytotoxic 
drugs are concentrated in specific organs and may be combined 
with cellular and subcellular targeting by tailored surface engineer- 
ing of the magnetic carriers. This approach, in theory, has major 
advantages over the normal, non-targeted methods of cytotoxic 
drug therapy, offering a promising solution to maximize the effi- 
ciency of chemotherapy and reduce side-effects. Alexiou et al. 
treated squamous cells carcinoma in rabbits with SPIO loaded with 
mitoxantrone that was concentrated with an external magnetic field 
[148]. In the treatment group, the magnetic field was focused on the 
tumor during SPIO/mitoxantrone infusion for 60 min in total. It was 
shown that intra-arterial application of SPIO/mitoxantrone with the 
external magnetic field resulted in a significantly better remission 
of the squamous cell carcinoma compared with the control group 
(no treatment) and the intravenous SPIO/mitoxantrone group, with 
no signs of toxicity [148]. 

The intravenous injection of magnetic nanocarriers needs to be 
balanced against a potentially higher RES clearance and requires 
high energy magnetic fields. The clinical success of magnetic drug 
targeting depends on strong magnets being able to produce high 
magnetic field gradients at the target sites. For intravenous admini- 
stration, magnetic targeting is likely to be most effective in regions 
of slower blood flow, particularly if the target site is closer to the 
magnet source. It has been suggested that the use of magnetically 
targeted drug delivery with an externally applied field is appropriate 
only for targets close to the surface of the body [149]. Recently, a 



novel magnetic drug targeting concept has been proposed. Magnetic 
nanocarriers encapsulated with a drug are intravenously adminis- 
tered and these magnetic nanocarriers are localized at the target site 
utilizing an implanted, magnetizable intraluminal stent or seed, 
such leading to focal high concentration of the drug. Such proce- 
dures can be performed on demand acutely or magnetizable seeds 
are planted chronically [150]. Kubo et al. [151] implanted perma- 
nent magnets at solid osteosarcoma sites in hamsters and delivered 
the cytotoxic compounds via magnetic liposomes. This method 
resulted in a four-fold increase in cytotoxic drug delivery to the 
osteosarcoma sites when compared with normal intravenous (non- 
magnetic) delivery. Results also showed a significant increase in 
anti-tumor activity. The implant-based drug delivery system can 
also function by the placement of a weakly magnetizable stent (or 
other implant) at precise locations in the cardiovascular system, 
followed by the delivery of magnetically susceptible drug carriers. 
The stents are capable of applying high local magnetic field gradi- 
ents within the body. The local gradients produced within the blood 
vessel create the forces needed to attract and hold drug-containing 
magnetic nanoparticles at the implant site [152]. Theoretical simu- 
lations and experimental results support the assumption that using 
magnetic implants in combination with an externally applied mag- 
netic field will optimize the delivery of a drug to the selected sites 
[153]. Magnetically controlled drug targeting has been carried out 
in patients with advanced and unsuccessfully pretreated cancers or 
sarcomas. Magnetic field strengths of at least 0.5 T and in general 
0.8 T can be achieved and confirmed at the patient's bed [154-155]. 

Successful drug targeting with SPIOs can utilize expensive 
drugs, and those with a short half-life or a high toxicity. Drugs such 
as antibiotics, thrombolytic agents, can also be bound reversibly to 
the SPIOs. Inada et al. [156] performed in-vitro investigations of 
localized fibrinolysis by magnetically concentrating urokinase- 
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magnetide complexes. Thermosensitive magnetoliposomes (TM) 
have also been prepared and investigated in an in-vitro flow system. 
The TMs with a diameter of about 1 mm could be concentrated in 
relatively high field strengths. It was possible to release a specific 
part of the content from the particles (calcein) by increasing the 
temperature above 40°C [157]. 

To void the RES clearance, large drug/SPIO composites are 
delivered intra-arterially [156]. We proposed an SPIO nanoshell 
based chemoembolization composite for transcatheter anticancer 
drug delivery, particularly for liver malignancies (Figs. 8, 9). For 
developing the chemoembolization composite, hollow SPIO 
nanoshells (150-200nm diameter, the same as in Fig. 7), anticancer 
drug doxorubicin, and PVA polymers are used. Doxorubicin is 
encapsulated in the SPIO nanoshells, and the PVA polymers glue 
SPIO nanoshells together to form embolic particles of 0.5~lmm. 
The ratio of PVA80 and PVA98 is optimized to control the disinte- 
gration rate of PVA polymers in liquid. These SPIO/doxorubicin/ 
PVA composite particles are delivered through a catheter selec- 
tively placed in a feeding artery of a tumor [159]. The composite 
particles are released from the catheter, which then block the feed- 
ing artery of the tumor. After a period of time (in days), upon the 
disintegration of PVA polymers, SPIO nanoshells are released and 
start moving downstream. Thereafter SPIO nanoshells can be trans- 
ferred through the leaky tumor vasculature into the tumor tissue, 
and the anti-tumor drugs are released within the tumor. In vitro 
drug release study showed that doxorubicin loaded in the SPIO 
nanoshell released gradually from the composite. Due to the mag- 
netic properties of SPIOs, this composite has magnetic drug target- 
ing and MRI contrast potentials. 

7. SPIO NANOPARTICLE MEDIATED HYPERTHERMIA 
THERAPY 

The rationale for using hyperthermia in cancer therapy is that 
sustained temperatures increase above 43°C causes necrosis of 
cancer cells, which are more heat sensitive than normal tissues. The 
conditions for hyperthermia thermal ablation therapy are dependent 



on the operating temperature and time. Four to six minutes are suf- 
ficient at 50-52 °C to induce irreversible cellular damage [160-161]. 
Being a physical treatment, hyperthermia may result in fewer side 
effects than chemo- or radiotherapy. SPIO-mediated hyperthermia 
is based on the unique property of superparamagnetic crystals of 
iron oxides to absorb the energy of an oscillating magnetic field 
(100 - 400 kHz) and to convert this energy into heat [17]. Magnetic- 
nanoparticle-mediated hyperthermia involves targeting SPIO to 
tumor tissue and then applying an external alternating magnetic 
field to generate heat. Magnetite (Fe304) and maghemite (y- 
Fe203) particles are the two types of SPIO used for hyperthermia. 
Maghemite is produced by the oxidation of magnetite above 300°C 
and the steps required to produce magnetite are simpler than those 
required to produce maghemite. Therefore, most studies of submi- 
cron magnetic particles for issue hyperthermia have focused on 
magnetite. 

Experimentally, many researchers reported encouraging results 
using hyperthermia with magnetic nanoparticles, such as magnetite- 
core dextran nanoparticles and amino silane-coated magnetite. In 
these therapeutic experiments, magnetites were injected into solid 
tumors and the animals were irradiated with an alternating magnetic 
field. After irradiation with the alternating magnetic field, the tumor 
volume decreased markedly and complete tumor regression was 
observed in some of the animals. Magnetic materials suitable for 
hyperthermia are discussed by Atsumi et al. in terms of their mag- 
netic properties, practical limitations in treatment conditions, and 
the instruments used to activate the magnetic particles [162]. Con- 
sidering the magnetic properties and biocompatibility of the parti- 
cles, superparamagnetic magnetite with a diameter of 11-13 nm is 
considered suitable. In the case of magnetite cationic liposomes 
(MCLs), an accumulation of magnetite nanoparticles inside the 
tumor cells can be enhanced by conferring a positive surface charge 
to the liposomal surface (a tenfold higher affinity for glioma cells 
than neutrally charged magnetoliposomes) [163]. 

To enhance specific accumulation of SPIOs at the tumor site, 
antibody-conjugated liposomes containing magnetite nanoparticles 
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SPIO shells filled with drugs 
and glued together with PVA 
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Fig. (8). Schematic diagram of hollow SPIO nanoshell based chemoembolization composites for transcatheter anticancer drug delivery. Step 1 : synthesis of 
hollow SPIO nanoshells; Step 2: encapsulation of anti-cancer drag into the SPIO nanoshells; Step 3: formation of anti-cancer drug filled SPIO nanoshells with 
PVA to become 0.5~lmm chemoembolization composites; Step 4: chemoembolization composites delivered through a catheter to embolize the arteries sup- 
plying blood to the tumor; Step 5: After a period of time, chemoembolization composite dissembled and SPIO nanoshell passed through the leaky tumor vas- 
culature into the tumor tissue, and the anti-tumor drugs were released within the tumor (reproduced with permission from reference 159). 
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Fig. (9). A: SPIO embolization particles containing nanoshell/doxorabicin/PVA composites B: Composite embolization particles being passed through a 
catheter for selective hepatic artery drug delivery. 



(antibody-conjugated magnetoliposomes, AMLs; core diameter, 10 
nm) have been developed. AMLs were constructed by using mouse 
G22 monoclonal antibodies (mAb) against human glioma cells 
[164], mouse G250 mAb against human renal cell carcinomas 
[165], humanized mAb against human epidermal growth factor 
receptor-2 (HER2; Herceptin) [166], and mAb against human high- 
molecular-weight melanoma-associated antigen (HMW-MAA). The 
tumor-specific targeting ability of these AMLs has been demon- 
strated [8,165]. However, intravenous application of antibody- 
conjugated magnetoliposomes still does not lead to enough concen- 
tration of SPIOs to be applicable for local hyperthermia [167]. 

In addition to the expected tumor cell death, hyperthermia 
treatment can also induce unexpected biological responses, such as 
tumor-specific immune responses as a result of heat-shock protein 
expression. Hyperthermia has the ability to kill not only local tu- 
mors exposed to heat treatment, but also tumors at distant sites, 
such as metastatic cancer cells. Yanase et al. reported anti-tumor 
immunity resulting from hyperthermia in an experimental T-9 rat 
glioma model in which T-9 cells were transplanted into the femur 
of rats used in the experiments [168]. Although only one tumor was 
subjected to hyperthermia, the other tumor also disappeared com- 
pletely. An immunohistochemical assay revealed that natural killer 
(NK) cells and CD8+ and CD4+ T cells migrated not only into the 
heated tumor but also into the unheated counterpart. 

So-called "smart" systems consisting of a magnetic core for 
heat production and a multi-stimuli sensitive shell, such as pH- and 
thermo-sensitive polymers (e.g., block copolymers and copolymer 
hydrogels) have been proposed. The localized and triggered treat- 
ments can enhance the hyperthermia treatment potential by deliver- 
ing the drugs to the targeted sites. The drug is loaded in the stimu- 
lus sensitive shell. Upon reaching the targeted site, the temperature 
of magnetic core is increased, leading to the structural/confor- 
mational changes (e.g., breaking of covalent or non-covalent 
chemical bonds) in the thermo-sensitive polymeric shell. Conse- 
quently, the drug is released locally in the targeted site [169]. These 
drug delivery systems are promising for future multifunctional 
chemotherapeutic applications that combine drug release and mag- 
netic hyperthermia therapy. 

In 2005, Johannsen et al. [170] described the first clinical appli- 
cation of magnetite-nanoparticle-mediated hyperthermia in locally 
recurrent prostate cancer. In this study, the feasibility of hyperther- 
mia was evaluated by using aminosilane coated magnetite nanopar- 
ticles. The nanoparticles were injected transperitoneally into the 
prostate of a 67-year-old patient under transrectal ultrasound and 
fluoroscopy guidance. Treatments were performed using an alter- 



nating magnetic field of 100 kHz. In this patient, the maximum and 
minimum intrapro static temperatures were found to be 48.5 and 
40.0°C during the first treatment and 42.5 and 39.4°C during the 
sixth treatment. Further clinical trials on magnetic-nanoparticle- 
mediated hyperthermia are on-going [8]. 

Hepatocellular carcinoma can be a potential target for ther- 
moembolization technique based on targeted deposition of magnetic 
nanoparticles suspended in Lipiodol into the tumor, followed by 
application of an alternating current magnetic field inducing fo- 
cused heating. Selective embolization of VX2 tumor implanted in 
the liver of rabbits showed initial promising results [171]. However, 
further investigations from the same team evidenced the presence of 
ischaemic necrosis in healthy liver parenchyma associated with 
extensive phagocytosis of nanoparticles [172]. There was no he- 
patic clearance of the suspension 28 days after injection. Microvas- 
cular occlusion was also observed [173]. Despite these data, ther- 
moembolization or thermochemoembolization where a cytotoxic 
drug is associated remains an active field of research. 

8. OTHER APPLICATIONS OF SPIO NANOPARTICLES 

8.1. Magnetofection and Gene Delivery 

Gene therapy is a promising medical treatment for many dis- 
eases including genetic disorders and degenerative diseases. The 
mechanism of gene therapy is to correct the genetic disorder or 
produce exogenous proteins/peptides by insertion of exogenous 
DNA. Gene therapy requires efficient gene delivery vectors, while 
currently the transfection/transduction efficiency of both viral and 
non-viral vectors is limited. Magnetic micro- and nanoparticle- 
based techniques show potential for high-efficiency transfection 
both in-vitro and in-vivo [174]. This technique, in which DNA, or 
viral vectors containing DNA, is attached to a magnetic micro- or 
nanoparticle carrier, was first developed by Mah et al. [175]. It has 
since been further developed, primarily for in-vitro, non-viral appli- 
cations [176]. In one example, the gene vector was attached to poly 
(ethylene imine) (PEI) coated SPIOs. The PEI-coated SPIO/vector 
complexes were tested in-vitro, in which a strong permanent mag- 
net was positioned beneath the cell monolayer. Peak transfection 
levels were achieved with 10-min incubation of cells, compared 
with 2 to 4 hrs required for other non-viral agents, such as cationic 
lipids [177]. 

The feasibility of combining small interfering RNA (siRNA) 
therapy and in vivo monitoring of transplanted islets in mice has 
been reported, and a protective effect of SPIO-small interfering (si) 
Caspase-3 in treated islets both in vitro and in vivo was observed 
[178]. In addition, a dual-purpose therapy/imaging siRNA SPIO 
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probe that targets (3 (2) microglobulin (B2M), a key component of 
the major histocompatibility class I complex has been proposed. 
Besides serving as a siRNA carrier, this SPIO-siB2M probe also 
enables monitoring of graft persistence noninvasively using MRI. 
Human islets labeled with these SPIOs before transplantation into 
B2M (null) NOD/scid mice showed significantly improved preser- 
vation of graft volume starting at 2 weeks, as determined by longi- 
tudinal MRI in an adoptive transfer model. Furthermore, animals 
transplanted with SPIO-siB2M-labeled islets demonstrated a sig- 
nificant delay of up to 23.8 ± 4.8 days in diabetes onset after the 
adoptive transfer of T cells relative to 6.5 ± 4.5 days in controls. 
Therefore these approaches could protect pancreatic islet grafts 
from immune rejection and could potentially be applied to al- 
lotransplantation and prevention of the autoimmune recurrence of 
type 1 diabetes mellitus in islet transplantation or endogenous islets 
[179]. 



8.2. Targeted Delivery and Retention of Magnetizable Stem 
Cells 

When cells, such as stem cells, are labeled by SPIOs, these cells 
become magnetizable. These magnetizable stem cells labeled with 
SPIOs can be delivered in a targeted way or can be retained in a 
desired location. In a pilot study, we validated magnetic targeted 
transcatheter SPIO labeled stem cell delivery in a rat intracerebral 
haemorrhage (ICH) model. MSCs were labeled with small polyhe- 
dral SPIOs (-10 nm) coated with a thin layer of silica and with 
surface modification by amines [86]. Rat ICH was induced by 
stereotactic injection of collagenase into the right side striatum. 
MSCs delivery was carried out 3 days after ICH induction via a 
cannula placed in the right internal carotid artery. For five rats, a 
permanent magnet was placed over the right head of the rats during 
the MSCs delivery and for additional 20 min post delivery. For 
another five rats, no external magnet was applied. The preliminary 
results suggested that magnetic targeting increased MSCs local 
homing and seeding in the lesion site of the rat ICH model [180]. 

The success of cardiac stem cell therapies is limited by low cell 
retention, due in part to the washout via coronary veins. Cheng et 
al. [181] sought to counter the efflux of transplanted cells by ren- 
dering them magnetically responsive and imposing an external 
magnetic field on the heart during and immediately after injection. 
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In their study, cardiosphere-derived cells (CDCs) were labeled with 
SPIOs. SPIOs labeled CDCs were injected intramyocardially, with 
and without a superimposed magnet. With magnetic targeting, cells 
were visibly attracted toward the magnet and accumulated around 
the ischemic zone. In contrast, the majority of nontargeted cells 
washed out immediately after injection. They concluded that mag- 
netic targeting enhances cell retention, engraftment and offers func- 
tional benefit [181]. 

8.3. Carbon Coated Superparamagnetic Iron Oxide Nanoparti- 
cles for Sentinel Lymph Nodes Mapping 

Intra-operative lymphatic mapping and sentinel lymph- 
adenectomy (LM/SL) map the lymphatic path from the primary 
tumor to the regional nodes and permit selective excision of the first 
sentinel lymph nodes. It is a well established technique to detect 
occult regional node metastases for melanoma patients and breast 
cancer patients. In continuing attempts to improve accuracy, most 
surgeons now combine a dye (such as carbon particles) and radio- 
pharmaceuticals when performing LM/SL. We developed a proto- 
type of carbon coated superparamagnetic iron oxide nanoparticles 
(SPIO@C) for sentinel lymph nodes mapping (Fig. 10) [182]. 
Compared with combining carbon particles and radiopharmaceuti- 
cals for performing LM/SL, there are a number of advantages with 
our approach: 1) SPIO is an MRI contrast agent, thus pre-operative 
MRI may be used for LM/SL instead of gamma camera. There is no 
radiation associated with MRI, and MRI offers good tissue contrast 
and detailed cross-sectional images. 2) There will be needed only 
one injection of SPIO@C nanoparticles, instead of administrating 
two successive injections of radiopharmaceuticals and carbon parti- 
cles. 3) During the operation, an intraoperative MRI scanner can be 
used, or more conveniently, SPIO detection can be performed with 
a simple magnetometer. 

8.4. Magnetic Nanoparticle Applications in Tissue Engineering 

Combining magnetic fields and nanoparticles for tissue engi- 
neering applications includes control of cell behavior through mag- 
netic force targeting and cell orientation and mobilization strategies 
for in-vitro generation of tissues [183-185]. Specific mechano- 
responsive receptors can be tagged on cells, and then magnetic 
fields can be applied to generate a localized force onto the receptor 
which results in activation and downstream changes in cell signal- 




Fig. (10). TEM image (Left) and Energy-dispersive X-ray spectroscopy spectrum (Right) of the SPIO@C nanoparticle (reproduced with permission from 
reference 182). 
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ing and ultimately phenotype. This technique is being explored both 
in-vivo and in-vitro for stem cell conditioning and new methods for 
applying mechanical strain to 2-D and 3-D cultures in-vitro using a 
magnetic force bioreactor. Using nanoparticle-labeled cells in scaf- 
folds, magnetic fields can be used to draw the cells through 3-D 
systems and to form orientated layers [186]. This technique has 
been considered for endothelial, bone and other tissue applications 
[187-188]. 

9. CONCLUSION AND FUTURE PERSPECTIVE 

With respect to their potential for drug delivery, SPIOs are 
typical tools for theranostics which allow the combined diagnosis, 
treatment and follow up of a disease [189]. SPIO labeled macro- 
phage infiltration can also serve as a surrogate marker for stem cell 
viability [190, 191]. Theranostics has emerged as a very fast- 
evolving research area, especially in the field of oncology. This 
innovative approach allows the characterization of the disease le- 
sion which may lead to select another drug if the target of interest is 
not expressed, monitoring the local delivery kinetics and following 
up the efficacy of the treatment on a rational basis. The minimum 
dosage required for Gd-based targeted contrast agent can be much 
higher than the appropriate therapeutic dose [189]. Such discrep- 
ancy is less preoccupying for iron oxide nanoparticles. Further- 
more, local hyperthermia-based therapies allow to take advantage 
of the specific behavior of SPIO crystals in the presence of an ex- 
ternal alternating magnetic field. An important issue needs to be 
considered when selecting SPIOs for drug delivery is their fate after 
the drug delivery, i.e. elimination route or retention time in the 
body system if they are biodegradable and their putative relevant 
side effects. For example, coated SPIOs could be biocompatible; 
however, if the iron oxide core is exposed, it may cause an oxida- 
tive stress which depends on the coating and the size of SPIOs as 
well as the type of cells [192]. 

The business model of SPIOs designed for both follow-up im- 
aging and drug delivery remains to be defined. It is worth noticing 
that the development process for contrast agents follows the same 
regulatory rules as therapeutic pharmaceutics, in term of registra- 
tion, i.e. the need of pharmaceutical, preclinical and clinical studies 
is basically similar, with a time to marker a/so being roughly simi- 
lar. This implies long time-to-market and high development budg- 
ets. The question remains how to share the value generated between 
companies involved in medical imaging which generally market 
"single-use contrast agents" and therapeutic drug companies who 
focus on a long term access to the market for a high cost treatment. 
The associated risks for diagnostic companies, which have a much 
lower return on investment for their products than therapeutic drug 
companies, should be underlined. A key challenge is the current 
lack of regulatory guidance for co-development of therapeutic 
drugs and diagnostic agents. One central issue is whether it is pos- 
sible to obtain regulatory approval of a diagnostic contrast agent by 
providing the authorities with similar data as those stemmed from 
clinical trials performed to support a therapeutic drug approval 
[193]. An integrated translational approach involving clinicians at 
an early stage of the projects is the most appropriate way to assess 
suitability of such projects for a personalized healthcare approach. 
Like therapeutic drugs, the development of cellular or molecular 
imaging contrast agents obviously depends on the clinical valida- 
tion of the biological target. SPIOs could be used as a) prognostic 
biomarkers if imaging is performed before therapy, for example to 
investigate the inflammatory involvement; or b) to measure phar- 
macodynamics response of a treatment. Inhibition of a molecular 
target such as VEGFR or HER2/new and molecular imaging of the 
drug interaction at the level of its molecular target represent exam- 
ples of this second approach. SPIO based imaging can also be used 
as surrogate endpoint biomarkers during clinical trials or in clinical 
practice [194, 195]. It is admitted that the traditional criteria (World 
Health Organization tumor response criteria or the Response 
Evaluation Criteria for Solid Tumor [RECIST]), based on anatomi- 
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cal measurements, may miss important consequences of tumor re- 
sponse to new drugs [196]. However, as requested by health 
authorities, biomarker candidates need to be qualified and validated 
[194-196]. This obvious obligation led companies involved in dis- 
covery and development of therapeutic molecules and those devel- 
oping contrast agents to collaborate on research projects. Interest- 
ingly, the SPIO ferumoxytol is marketed in the US (tradename 
Feraheme®) and has been approved in Europe (Rienso®) for the 
treatment of iron deficiency in adult chronic kidney disease pa- 
tients. However, this compound is not approved for imaging pur- 
poses. 
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ABBREVIATIONS 



SPIO = Superparamagnetic iron oxide 

MRI = Magnetic resonance imaging 

PEG = Polyethylene glycol 

PAA = Polyacrylic acid 

PVA = poly(vinyl alcohol) 

PEI = Polyethyleneimine 

Ms = Magnetic saturation value 

PVP = Polyvinylpyrrolidone 

PAA = Polyacrylic acid 

TEM = Transmission electron miscroscopy 

DEG = Diethylene glycol 

LIPUS = Low-intensity pulsed ultrasound 

MPIO = Micrometer-sized iron oxide particles 

RES = Reticuloendothelial system 

FDG = Fluorodeoxyglucose 

PET = Positron emission tomography 

EGFR = Epidermal growth factor receptor 

VCAM-1 = Vascular cell adhesion molecule 1 

CBVss = Steady-state cerebral blood volume 

MIONs = Monocrystalline iron oxide nanoparticles 

EPR = Enhanced permeability and retention 

PEGF = poly (ethylene glycol)-co-fumarate 

TM = Thermosensitive magnetoliposomes 

MCLs = Magnetite cationic liposomes 

AMLs = Antibody-conjugated magnetoliposomes 

mAb = Monoclonal antibodies 

HMW-MAA = High-molecular-weight melanoma-associated 
antigen 

PEI = polyethyleneimine 

siRNA = small interfering RNA 

B2M = (3(2) microglobulin 

ICH = Intracerebral haemorrhage 

CDCs = Cardio sphere-derived cells 

LM/SL - Lymphatic mapping and sentinel lymph- 
adenectomy 
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HER2 = Human epidermal growth factor receptor 2 

VEGF = Vascular endothelial growth factor receptors 

RECIST = Response evaluation criteria for solid tumor 
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